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This paper presents an investigation of organic LED extraction efficiency enhancement using a 
low refractive index scattering layer. A scattering model is developed based on rigorous electromag- 
netic modelling techniques. The model accounts for proportions of scattered guided and radiation 
modes as well as the efficiencies with which emitted and scattered light are extracted. Constrained 
optimisation techniques are implemeneted for a single operation wavelength to maximise the extrac- 
tion efficiency of a generic OLED device. Calculations show that a 2 fold efficiency enhancement is 
achievable with a correctly engineered scattering layer. The detailed analysis of the enhancement 
mechanism highlights ways in which this scheme could be improved. 

PACS numbers: 



I. INTRODUCTION 

An important consideration in the design of any opto- 
electronic device is the efficiency with which light can be 
extracted. A fundamental limitation on all light emitting 
materials with refractive indices greater than the collec- 
tion medium is that light emitted outside the critical an- 
gle with respect to the collection medium will be trapped 
by total internal reflection. One successful approach that 
overcomes this problem is to texture the surface of de- 
vices so that trapped light can be scattered into the crit- 
ical angle of extraction 0, 0, 0- This approach works 
well for inorganic devices where the scattering surface is 
very close to the emission region In organic based 
LEDs the textured surface is generally separated from 
the emission zone by the thickness of the substrate (~ 1 
mm). Although light trapped in the substrate can be 
extracted |5j], the most significant improvements require 
high refractive index substrates that are matched to the 
emission region Q- Introducing wavelength size textur- 
ing closer to the active layers is generally not feasible as 
this would compromise the device's electrical properties. 

The use of a microcavity to redistribute emission geo- 
metrically has been demonstrated in both organic [|| and 
inorganic material systems 0, 0, @ ■ Despite their effec- 
tiveness, microcavities only provide enhancement over a 
limited spectral range and are significantly more elabo- 
rate in design. A more recent demonstration has shown 
that low refractive index hydrophobic aerogel materials 
can be used to successfully enhance extraction efficiency 
in organic based LEDs 0. In this approach, trapped 
light from an emitting region (n — 1.8) is encouraged 
to couple evanescently through the higher index Indium 
Tin Oxide (ITO) anode (tijto ~ 1-9) to a thick aerogel 
layer (n < 1.1). Angular resolved intensity enhancements 



near a factor of 1.5 were reported; likely to be less in 
terms of actual power enhancement. A theoretical study 
of volumetric light scattering in such low refractive in- 
dex substrates shows that significant improvements can 
result in combining these two enahcnement mechanisms 
|{| . Here a similar approach is examined which combines 
the successful texturing / scattering approache with the 
use of low refractive index layers. A scattering layer, 
consisting of high refractive index dielectric spheres em- 
bedded in a low refractive index material, is placed be- 
side the anode of an organic device as depicted in Fig. ^ 
This is possible because of the surface flatness and uni- 
formity of the scattering layer, developed by Mitsubishi 
Chemicals Corporation, that does not interfere with the 
electrical properties of the device. The distance between 
the emission region and this layer is comparable to the 
wavelength of light allowing efficient scattering of low or- 
der guided modes that constitute a large proportion of 
trapped light. Scattered light is effectively redistributed 
within the lower refractive index medium from where it 
can be extracted with greater efficiency. 

Consider the channels through which emission is ex- 
tracted or trapped within the device. Light originates 
via spontaneous emission from the emission region in ei- 
ther radiation modes which can escape the device with 
efficiency, T] C (X), or guided modes that are trapped, 
(1 — 7/ c (A)). Proportions of radiation, Jr(X), and guided, 
7g(A), modes are then redistributed into the same set of 
radiation and guided modes inside the scattering layer. 
Scattered radiation modes are extracted from the scat- 
tering layer with efficiency 7y s (A) . Figure ^ identifies the 
6 emission channels whose descriptions and resulting ef- 
ficiencies are given below. 

1. Unscattered radiation modes: ?7 C (A)(1 — 7k(A)). 
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FIG. 1: Identification of the channels of emission for an OLED 
with a low refractive index scattering layer. 

2. Radiation modes scattered into radiation modes: 
»fc(A)(l-7*(A))»7.(A). 

3. Guided modes scattered into radiation modes: (1 — 
r yc (A)) 7G (A)ry s (A). 

4. Radiation modes scattered into guided modes: 
»7c(A)7*(A)(1-tj,(A)). 

5. Guided modes scattered into guided modes: (1 — 
r ?c (A)) 7G (A)(l-7 7s (A)). 

6. Unscattered guided modes: (1 — ?7 C (A))(1 — 70(A)). 

Let rj£^ (A) be the extraction efficiency when the scat- 
tering strength is zero. The first order efficiency, rjc (A), 
is given by the sum of those emission channels that re- 
sult in the extraction of radiation modes. When iji 1 ^ (A) is 
greater than 77^ (A) , the scattering layer provides an im- 
provement in efficiency. Eqn. Q expresses this inequality 
in a slightly different form. 



7G (A) ^ ^(AXf-r^A)) 
7fl(A) Vs (X)(l-r, c 0) (X)) 



(1) 



Given that the extraction efficiency from a dielectric 
medium into air is approximated by 1 — cos 9 C where 9 C 
is the critical angle with respect to air. This assumes 
both uniform emission and scattered light distributions. 
Eqn. JQ) can be approximated by, 
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where n c and n s are the refractive indices of the emit- 
ting and scattering layers respectively. The efficiency en- 
hancement of the device is summarised by Eqns. JQ) and 
(J2J): The LHS must be maximised while the RHS must 
be minimised. Minimisation of the RHS of Eqns. and 
(J2J is achieved by reducing n s with respect to n c . Choice 
of a material with as low a refractive index as possible is 
clearly required. The LHS of Eqns. and @ is max- 
imised by ensuring that guided modes are scattered more 
effectively than radiation modes. 

By substituting 370(A) = 37(A) = Jr(X) into 
Eqn. [21 the first order extraction efficiency enhancement, 
77 (1) (A)/?7^ 0) (A), is given by, 



/«1 + 7 (A) 



cos 9 C (1 — cos 9 S ) 
(1- cos C ) 



g cos 9 S 



(3) 



Here, the distribution of emitted and scattered light 
is assumed to be uniform and 9 S and 9 C are the criti- 
cal angles for coupling into air from the scattering and 
emitting layers respectively. As an example, consider 
the redistribution of scattered light from the emitting 
region with index n c = 1.8 to the scattering region with 
n s = l.f ; this would give a first order efficiency enhance- 
ment of / « 1 + 7(A)(2.88 - 0.42 5 ). When 7(A) = 0.5 
and guided modes are scattered equally as effectively 
as radiation modes (g = 1), the enhancement factor 
/ = 2.34. Note that this would also be augmented by 
multiple scattering. In the limiting case of 7(A) > I, the 
efficiency rjc (A) 1— * ?7 S (A) and the enhancement factor, 
fiim 1— ^ 3.46. 

The prospect of such large enhancement factors to the 
optical extraction efficiency of OLEDs is very appeal- 
ing. The calculations in this paper show that the limit- 
ing value of the enhancement factor for a more realistic 



model is 



2. Furthermore, similar enhancements 



are achievable across the visible spectrum. With the 
current fabrication techniques employed by Mitsubishi 
Chemical Corporation, 75 % of this value can be at- 
tained. This paper investigates an optimised scattering 
layer OLED design. The four model components intro- 
duced in Eqns. ||TJ and are evaluated using rigorous 
electromagnetic methods. The focus of these calculations 
centres on the treatment of guided mode scattering as 
this is the crucial component of the optimisation scheme. 



II. ORGANIC LED DESIGN. 

In the following study, a simplified generic OLED de- 
sign is investgated. The aim is to make rigorous cal- 
culations of the parameters discussed in the preceeding 
section in order to obtain better estimates of the mer- 
its of the efficinecy enhancement strategy. Table [|] gives 
the refractive indices and layer thicknesses for a typical 
OLED device. The basic structure of the device has been 
optimised to enhance the extraction of radiation modes 
to a first order scattering approximation at a wavelength 
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Ref. Index @ 450 nm 


Air 


oo 


1 


Glass 


Incoherent 


1.54 [11] 


Scattering layer 1 ^ 


d s = 311 


n s = 1.1 — a s \/2n* 


Anode ITO 


150 


1.978 - 1.73xl(T 2 i[12] 


Hole Conductor 


d h = 79 


1.8* 


Emission (Alq3) 


30 


1.8* 


Electron Conductor 


50 


1.8* 


Cathode Al 


100 


0.62 - 5.47i [11] 


Air 


oo 
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TABLE I: Table specifying the OLED design under investiga- 
tion. Since the glass substrate is 0.7 mm thick, it is modelled 
as an incoherent layer. Here the refractive indices are given 
for 450 nm. * indicates a refractive index value that has been 
either determined or estimated experimentally. 



of A = 450 nm. The augmentation of the efficiency due 
to the scattering layer will be investigated by controlling 
three parameters, specified in Table [fl The parameters 
are the scattering layer thickness d s , refractive index n s 
and the hole conduction layer thickness, dh- During the 
optimisation, the scattering coefficient, a s , is kept con- 
stant. Currently, Mitsubishi have successfully engineered 
scattering layers with a s d s — 0.33 so a s — 0.33/d s . The 
constrained optimisation problem is formally stated in 
Eqn.H 



max (d s , n s , d h ) 

d B ,n s: dh 



s.t. 200 <d s < 800 
1.1 < ${n s } < 1.4 
50 < d h < 200 



(4) 



Here, the objective function is the efficiency from a 
first order scattering enhancement. Although multiple 
scattering has been considered later in the report, intro- 
ducing it in the objective function seriously increases the 
computation time of local solutions. A global solution 
was determined by successive optimisation searches us- 
ing distributed starting points spanning the parameter 
space. A total of 125 device configurations were consid- 
ered resulting in three local maximum solutions. The 
global maximum solution is shown in Tableland is used 
throughout the paper. 

The operation of optical devices in the spontaneous 
emission regime involves spectral, spatial and angular 
parameterisations. For example, Figure |21 (a) shows the 
electric field intensity at normal incidence and 30° for the 
Transverse Electric (TE) polarisation within the device 
at a wavelength of A = 450 nm corresponding to blue 
light. The strength of the optical field and its overlap 
with the emission zone of the device, highlighted by the 
shaded area, determine the light extraction from the de- 
vice. This is plotted as a function of angle in Fig. (b). 
This level of detail makes the analysis very complicated. 
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FIG. 2: (a) Radiation fields within the OLED: Solid line 
shows the radiation field at normal incidence and the bro- 
ken line shows the Transverse Electric (TE) polarisation at 
30° with respect to air. Notice in particular the field overlap 
at the shaded emission region, (b) The radial plot shows the 
strength of the electric field intensity in the emission region 
as a function of emission angle. Points corresponding to the 
field plots in Fig. |2](a) are indicated by circular markers. 



In the present study, the four efficiency parameters are 
calculated by integrating over solid angles leaving only 
the wavelength as the independent variable. This simpli- 
fies the problem greatly, but, it is important to remain 
mindful of the internal angular and spatial variations. In 
addition, the polarisation is eliminated from the study 
by averaging over dipole orientations. For details of the 
techniques and models incorporated here, the reader is 
referred to Ref. [lj. 



III. EVALUATION OF MODEL COMPONENTS. 



A. Evaluation of the underlying extraction 



efficiency, 77, 



(0) 



The extraction efficiency, ry c , of the OLED device is 
calculated by integrating angular emission results, such 
as those in Fig. [3(b), over solid angle for a s = 0. 
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Consider, the impact of the optimum solution on r]c°^: 
Notice that interference effects due to the large contrast 
between the ITO and scattering layer will result in weak 
cavity effects that enhance r\ c . This is observed in Fig. [21 
(b), which shows that emission at f7.3° is preferred in 
the optimised design. Lobed emission like this is a re- 
sult of the weak cavity being detuned from the preset 
wavelength of 450 nm. This is preferential as there is a 
larger density of off-axis emission states Q- The tuning 
wavelength of the weak cavity is given approximately by 
Ao = 450/ cos9 max where 9 max is the angle of maximum 
emission. Here, A = 456.3 nm. 

Evidently, interference effects are important in the de- 
termination of this model component as the thickness 
of the scattering layer is a multiple of Ao/4. Here, 
3Ao/4n s « 311.1 nm w d s . 
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B. Evaluation of the scattered light extraction 
efficiency, r\ s 



The extraction efficiency of scattered light, rj s , can 
be calculated provided the scattered light distribution 
within the layer is known. Here, the distribution of scat- 
tered light is assumed to be uniform. This is a good ap- 
proximation provided scatterers are much smaller than 
the wavelength of light. This can be shown for small 
spherical dielectric scatterers using Mie theory . 

Following a scattering event, light is collected from 
the low refractive index layer. Since subsequent scat- 
tering events are considered separately in Section 1111 El 
the complex part of the scattering layer refractive index 
is dropped for the calculation of -q s . Under these condi- 
ions, r] s represents the upper limit on extraction from the 
scattering layer. As expected from the discussion in the 
introduction, the optimum choice of refractive index in 
the scattering layer corresponds to the lower bound. 



Evaluating the proportion of scattered radiation 
mode power, ■yu 



7ii is a measure of the strength of radiation mode scat- 
tering within the device. It is calculated by considering 
the difference between a device with (a s ^ 0) and with- 
out (a 8 = 0) scattering. Where there is no scattering, the 
extraction efficiency is r)i°^ . With scattering, the zero or- 
der extraction efficiency is reduced to r] c r a ) = (1— 7_r) 7 7c°^ . 
Therefore, 7^ is given by Eqn. JSJl. 



1R = 



'/c 



Vc(a) 



„(0) 



(5) 



FIG. 3: Illustration of important features of the 7g(A) cal- 
culation. Here, the absorption, emission and scattering of 
the TEi mode is shown, where the Solid Line corresponds to 
\E{X,a s = 0)i 2 and the broken line to \E(X,a 3 0)| 2 . k sl (X) 
allows the calculation of mode attenuation due to scattering. 
Absorption, k a i(X), is strongest at the metal surface. 



D. Evaluating the proportion of scattered guided 
mode power, ja- 

The proportion of scattered guided modes, 7^ is eval- 
uated by examining the internal fields of the device. De- 
spite this, the calculation approach is similar to the eval- 
uation of 77?. The optical field intensity, \E(X,9 c ,a s — 
0)| 2 , within the emission region in the absence of scat- 
tering (a s — 0) can be directly compared wtih the field 
intensity, \E(a Sl 6 c ^ 0)| 2 , for a s ^ to give a value 
for 7g- Note that this does not take into account the 
lateral extent of the device, although this will be consid- 
ered shortly. Fig. [21 illustrates the relevant components 
in these guided mode scattering calculations for the TEi 
mode corresponding to a particular internal angle, C . 70 
is evaluated using the expression in Eqn by integrating 
over the internal emission solid angle, Q c . 



7G 



f Qc \E(a s = 0)\ 2 ~ \E(a s ^ 0)\ 2 dn c 



Jo \E(a. = 0)| 2 dO c 



(6) 



Figure H plots \E(X,9 c ,a s = 0)| 2 and \E(a s ,9 c ^ 0)| 2 
highlighting the effect of the scattering layer on the opti- 
cal field within the device against the internal angle, 9 C - 
Here, 90° corresponds to propagation in the plane of the 
device with respect to the light emitting region (n = 1.8). 
TE emission is shown in Fig. 01 (a) while TM emission is 
shown in Fig. 01 (b). The arrows indicating the peaks 
correspond to the solutions of guided modes considered 
later; the effective mode angles (angles at peaks in optical 
field) correspond to those given in Table [n] The amount 
of scattering can be gauged by the difference between the 
broken lines (a s = 0) and the solid lines (a s 7^ 0). In this 
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FIG. 4: Examination of the scattering of guided modes in an 
effective plane wave angle representation for (a) TE and (b) 
TM polarisations. \E(X,a s ^ 0)| 2 are represented by solid 
lines and \E(\,a B = 0)| 2 by broken lines showing the change 
in guided mode coupling with the OLED due to scattering at 
A = 450 nm. 



case, when integrated over all trapped emission, w 35 
%. 

A mode i propagating within the device has a propa- 
gation constant, /J,-. /3, is in general complex and is cal- 
culated using the Argument Principle Method 0, ^| . 
The complex propagation constant of a mode describes 
the phase velocity of propagation in the plane of the de- 
vice and the mode attenuation as it propagates, given 
by the real and imaginary parts respectively. The imag- 
inary components of the propagation constant k s i + k a j 
for the i th guided mode will indicate mode attenuation 
due to scattering and absorption respectively. k s j can be 
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FIG. 5: Field distributions of standing modes of the OLED 
corresponding to peaks in field intensity in Fig. 0] for (a) TE 
and (b) TM polarisations. A detailed parameterisation of 
these modes including effective mode angles, extinction coef- 
ficients and absorptions are shown in Tab. ITT1 



evaluated by subtracting modal propagation constants 
calculated with and without scattering, a s . 

Table [H] shows the complex propagation constants, 
f3i(a s ), for the optimised OLED device specified in Tab[I] 
for the scattering layer with a s = and a s ^ 0. Notice 
that the internal mode angles, 8 C , relative to the emission 
region are shown and correspond directly to the indicated 
modes in Fig. 

The complex eigenvalues in Tab. [H] correspond to a 
guided mode eigenvector within the OLED. The electric 
field distribution for the modes are shown in Fig. EI Note 
that the eigenvalues of the mode functions calculated here 
correspond to the peaks in emission distribution in Figs.0] 
(a) and 01 (b). The mode functions indicate both the 
degree of absorption and the scattering in the different 
regions of the device. Firstly, the two polarisations are 
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TABLE II: Propagation constants, /3j for the most important modes of an OLED. The two sets of results (with and without 
scattering) allow calculation of k S i- In addition, the internal mode angles, 9 C , with respect to the emitting region are also given. 



quite distinct: TE modes propagate away from the metal 
interface in the dielectric with the highest refractive in- 
dex, whereas TM modes propagate along the surface of 
the metal. Absorption within the ITO region has an 
equally profound effect on both polarisations contribut- 
ing significantly to fc s j. Fig. highlights two specific 
regions of interest: The electric field intensity overlap 
with the emission and scattering regions. It is evident 
that the overlap of TM modes with the emitting region 
is very poor in contrast to the TE modes explaining the 
different electric field intensity y-axis scales in Figs. 0] (a) 
and|31(b). However, the overlap of the field with the scat- 
tering region is also critical as it indicating the strength 
of guided mode scattering. The TEi and TMi have poor 
overlaps with both the scattering layer and the emitting 
region. In addition any emissive coupling to these mode 
is purely evanescent since there critical angles are greater 
than 90° with respect to the emission region. Only the 
higher order TE2, TM2 and TM3 modes are required to 
describe the mode scattering and absorption. 

Close examination of the values in Tab. Ull shows that 
absorption is stronger than the scattering. This is re- 
flected by the field calculations which shows that jg ~ 35 
%. For laterally small devices some of the trapped light 
may not be scattered or absorbed. Here, k S i and k a i, can 
be used to estimate the distance a guided mode travels 
before being fully scattered. The total mode attenuation 
length, L, shown in Tab. [HI is defined as the distance 
a mode travels before being scattered to e^ 1 of its orig- 
inal intensity by scattering alone (i.e. calculated using 
k s i). Typically, a device with a lateral size of the or- 
der of 10 /im is large enough to maximise guided mode 
scattering at A = 450 nm. 

E. Calculating multiple scattering. 

The device efficiency due to first order scattering can 
be expressed as, 

^) = M 1 r ? (°) + C 1 (7) 

where M\ = 1 - 7^ + Vs{lB, - la) and C\ = 7g»7s. 
The efficiency for higher order scattering can similarly 
be expressed as, 

4 n) = M nV i n -v + C n (8) 



M n and C n are given by expressions similar to M\ and 

(2) 

M2, however, use the new model components j G and 

(2) 

7]j to quantify the proportions of light that are scattered 
a second time and subsequent time. These parameters 
have been calculated using similar techniques to those 
described in Sections IIII CI and IIII Dl In the case of the 
optimisation calculation, where a s d s = 0.33, multiple 
scattering contributes 5 % of the efficiency. 



IV. RESULTS. 

So far the internal components of the calculations have 
been examined in detail. Now consider the behaviour of 
the model components as a function of the scattering 
strength. The strength of scattering ultimately governs 
the degree of mixing between the radiation and guided 
modes of the device. As the scattering is increased, there 
will also be an increase in enhancement factor of the un- 
derlying device. This behaviour is seen in Fig. 

Fig. (a) shows the variation of the model components 
as a function of the scattering strength, a s d s whose range 
is extended to < a s d s < 1. The extraction efficiencies, 
r\ c and r\ s are independent of the scattering strength. The 
proportions of scattered guided and radiation modes in- 
crease monotonically with the scattering strength and 
differ in magnitude by a factor g sa 1.25. Clearly, ra- 
diation modes are scattered more strongly that guided 
modes. This is a critical observation since to acquire the 
greatest efficiency enhancement, this ratio must be min- 
imised. 

Fig. EH (b) plots of the efficiency enhancement factor, 
f(a s d s ), for the case of multiple scattering. Here, the 
enhancement factor has been compared to the efficiency 
of a device without a scattering layer, ij c0 — 27.8 %. 
The enhancement factor f{a s d s ) is given by the following 
expression related to Eqn. [3] 

(o) / (o) \ 

f(a s d s ) = + JL _ (i + g{ i _ „,))I*L_ 7 + 0( 7 2 )...(9) 

VcO \Vc0 VcO J 

In the absence of absorption, there is an enhancement 
of about 20 % due to the presence of the low index scat- 
tering layer, c.f. the first term in Eqn. @. This is com- 
parable to enhancements obtained by Tsutsui et al in 
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FIG. 6: (a) Variation of model components r/ c (X), rj s (X), 
7i?(A) and 7g(A) as a function of scattering strength, (b) 
Variation of enhancement factor as a function of scattering 
strength. The trend is indicative of linear scattering theory 
(see Eqn. @). The resultant efficiencies of the device with 
and without the scattering layer are also shown for compari- 
son. 



tions of this enhancement approach. The primary limita- 
tions, in order of importance, are the extraction efficiency 
from the low refractive index medium, r] s , the strength 
of guided mode scattering, 7, and the ratio of radiation 
to guided mode scattering, g. rj s must be maximised, re- 
quiring a scattering layer with as low a refractive index 
as possible. Here, the optimum value of n s — 1.1 is at 
the lower bound of what can be achieved in the fabri- 
cation process. Alternative materials such as aerogels, 
which have refractive indices as low as 1.01 |9J, would 
show even larger enhancements. However, the choice of 
material must be compatible with the formation of dielec- 
tric spheres to provide the required scattering strength, 
7. Maximising 7 allows the device to attain a larger frac- 
tion of the limiting enhancement factor. Finally, the ratio 
of guided to radiation modes, g must be minimised. 

In Sec. IIII Dl the calculation of the guided mode scat- 
tering component, 7c is detailed. The reader is there- 
fore referred to this section for an in depth appraisal 
of the factors that effect the value of g. One of the 
most significant factors in the guided mode scattering 
strength is the strong absorption in the high refractive in- 
dex anode region (ITO) to which modes are confined. At 
a s d s = 0.33, guided mode absorption is approximately 
3/2 times larger than scattering. In contrast, scatter- 
ing is approximately 4 times larger than the absorption 
for the radiation modes. Low absorption near the active 
components of the device is clearly crucial for minimising 
g and maximising the efficiency enhancement. 

The principles of operation presented here suggest en- 
hancements of up to a factor of 2 could be achieved 
with a carefully designed device incorporating a scatter- 
ing layer. Although this is comparable to microcavity 
enhancements ||, here, the enhancement is achievable 
across the visible spectrum. The design of an enhance- 
ment layer for a broad spectral range would be limited by 
the scattering strength drop-off at red wavelengths and 
the difficulty associated with maximising coherent reflec- 
tions. Despite this, calculation of the device structure 
investigated here using scattering data from Mitsubishi 
at green and red wavelengths show /(A = 550) = 1.5 and 
/(A = 630) = 1.3. In addition, the device design could 
be optimised for overall broad spectral performance. 



their experiments with aerogel layers |9J. As the scat- 
tering strength is increased, there is an initial reduction 
in efficiency, mainly due second order scattering loss in 
the low refractive index region. Above a s d s = 0.05, how- 
ever, f(a s ds) > 1 and increases monotonically. For the 
current design an enhancement that is 95 % of the lim- 
iting value of r) s /r] c o is attained. This is still almost a 
two-fold enhancement in the efficiency. With the current 
engineering capabilities of Mitsubishi Chemicals Corpo- 
ration, nearly 75 % of the upper limit can be achieved, 
corresponding to a 60 % enhancement. 

The first order scattering provides the largest contri- 
bution to the enhancement factor. Indeed the first order 
scattering coefficient in Eqn. © encapsulates the limita- 



V. CONCLUSIONS. 

A perturbative model was developed for the descrip- 
tion of low refractive index scattering layers that enhance 
the extraction efficiency of light from organic LEDs. 
Components of the model were calculated using rigor- 
ous electromagnetic techniques. The scattering model 
was used to optimise an OLED design incorporating a 
scattering layer. The calculations show that a two- fold 
enhancement in the extraction efficiency is attainable. 

Three parameters were highlighted as crucial to the en- 
hancement mechanism. Most importantly a low refrac- 
tive index medium that supports high refractive index 
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